The inhibition patterns of inorganic phosphate (Pi) on sucrose phosphate synthase activity in the presence and absence of the allosteric activator glucose-6-P was studied, as well as the effects of phosphoglucoisomerase on fructose-6-P saturation kinetics with and without Pi. In the presence of S millimolar glucose-6-P, Pi was a partial competitive inhibitor with respect to both substrates, fructose-6-P and uridine diphosphate glucose. In the absence of glucose-6-P, the inhibition patterns were more complex, apparently because of the interaction of Pi at the activation site as well as the catalytic site. In addition, substrate activation by uridine diphosphate glucose was observed in the absence of effectors. The results suggested that Pi antagonizes glucose-6-P activation of sucrose phosphate synthase by competing with the activator for binding to the modifier site.
SpS2 (EC 2.4.1.14) is an enzyme of central importance to the process of sucrose biosynthesis. It catalyzes the synthesis of sucrose-P from F6P and UDPG. Results from this laboratory have indicated that spinach leaf SPS is activated by G6P and that this activation is antagonized by Pi (6, 7) . We hypothesized a regulatory mechanism whereby an abundance of G6P would indicate to the cell that sufficient fixed carbon was available for export, thus activating sucrose synthesis. Similarly, an increase in Pi might correspond to a decreased rate ofPi/triose-P exchange from the chloroplast and a decrease in cystolic sugar phosphates. ' 2 Abbreviations: SPS, sucrose phosphate synthase; F6P, fructose-6-P; UDPG, uridine diphosphate glucose; G6P, glucose-6-P; PGI, phosphoglucoisomerase; A3o (G6P), concentration of G6P necessary for halfmaximal activation.
Thus, the G6P/Pi ratio could provide a mechanism for the metabolic fine control of SPS activity based on the supply of reduced carbon from the chloroplast.
One aspect of SPS regulation that we did not consider earlier is the role of PGI, which would maintain an equilibrium mixture of F6P and G6P in the cytosol with a mass-action ratio of 0.22 to 1 (3) . Because spinach leaf cytosol contains high PGI activity (1 1), the response of SPS activity to an equilibrium mixture of F6P and G6P, catalyzed by PGI, might better reflect how changes in substrate availability in situ might affect SPS activity.
An additional aspect of SPS regulation that required further clarification was the pattern of Pi inhibition of SPS in the presence and absence of G6P. Earlier studies of Pi inhibition of SPS were either performed on SPS preparations contaminated with PGI activity, or did not consider the effect of G6P on the pattern ofinhibition. Consequently, the specific objectives ofthis study were to determine (a) the inhibition kinetics of Pi on SPS in the presence and absence of the activator G6P and (b) the effects of PGI on F6P saturation kinetics in the presence and absence of Pi.
MATERIALS AND METHODS Spinach (Spinacia oleracea L.) was obtained from a local market. SPS was extracted and partially purified as described in detail elsewhere (6, 7) involving chromatography on the hydrophobic resin, w-aminohexyl-agarose (8) , and gel filtration on Ultrogel AcA 34.3 The final preparation was free of contamination activities of PGI, phosphoglucomutase, UDPG epimerase, and nonspecific phosphatases. SPS activity was assayed by fixed point (10 min) determination of sucrose phosphate production by the method of Cardini et al. (4, 9) . The assay mixture ( 70 11) contained 50 mm Hepes-NaOH (pH 7.0), 5 (2, (6) (7) (8) . Table I shows that sulfate, like Pi Inhibition with G6P. In the presence of 5 mM G6P, Pi was a competitive inhibitor with respect to both F6P ( Fig. 1) and UDPG (Fig. 2) . Because Pi inhibition was not complete, Pi must be classified as a partial competitive inhibitor with respect to both substrates in the presence of G6P.
Pi Inhibition without G6P. In the absence of G6P, the inhibition patterns of Pi on substrate saturation were more complex. The effect of increasing Pi concentration on F6P saturation kinetics in the absence of G6P is shown in Figure 3A and Woolf plots of the data are shown in Figure 3B . The (Fig. 4A) . In the absence of Pi, double reciprocal plots of UDPG saturation kinetics were bi-_ 60 6-phasic (Fig. 4B) (Fig. 1) or with UDPG in the presence of 5 mM 30 -G6P (Fig. 2) / X tion, it is clear that the G6P generated by the added PGI always 0.14 resulted in a substantial activation of SPS activity (Fig. 5, inset) . inhibition patterns became more complex, which we attribute to the interaction of Pi at the activation site. Interaction of Pi at the activation site (in the absence of G6P) apparently caused enough of a conformational change to lower the Km (F6P). G6P activation lowers the Km (F6P) from about 3.0 to 0.6 mm, but Pi antagonizes this activation by increasing the Aso (G6P) from 0.85 mM with no Pi to 9.8 mm with 20 mM Pi (7) . The mechanism of this antagonism may be the displacement of G6P from the activation site by Pi. Additional evidence for this hypothesis is that Pi eliminated substrate activation by UDPG (Fig. 4) . In this case, Pi would be displacing UDPG from the activator site. Apparently, at low F6P, the activation effect of Pi masks the competitive inhibition component of Pi with F6P, because little inhibition was observed under these conditions. Substrate activation by UDPG, which has not been reported previously, was apparent from the biphasic nature of the double reciprocal plots (Fig. 4B) . It is of interest to note that Harbron et al. (8) reported a Km (UDPG) of 9.5 mm, which is consistent with the higher concentration range Km (UDPG) that we have attributed to substrate activation. However, this phenomenon may be of limited physiological significance because it appears that the concentration of UDPG in the leaf cell rarely exceeds 2 mM (13) .
The dramatic effects of G6P on Pi inhibition emphasize the importance of eliminating all phosphoglucoisomerase activity from SPS preparations intended for kinetic analysis because PGI will convert a substrate, F6P, into an activator, G6P. The data presented in Figure 5 verify that addition of excess PGI to purified (PGI-free) SPS can convert F6P saturation kinetics from hyperbolic to sigmoidal. A similar sigmoidal response to F6P was observed by Amir and Preiss (2) (13) manipulated photosynthetic rates by changing either light intensity or CO2 concentration. As the rate of carbon fixation increased, the concentration of P-esters in the cytosol increased as did the rate of carbon flux into sucrose. Stitt et al. (13) noted that hexose-P (F6P + G6P) was the principal component of cytosolic P-esters to change in concentration. How SPS activity in situ might respond to these changes in metabolite concentrations may be approximated by the data presented in Figure 6 , where F6P saturation kinetics were performed in the presence of excess PGI activity. As shown, SPS activity increased sigmoidally rather than hyperbolically. Thus, changes in metabolite concentrations in the cytosol that occur with changes in photosynthetic rate could have dramatic effects on the rate of sucrose biosynthesis.
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